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ABSTRACT
This paper aims at providingan introductiontothe topicof urban area management throughremote sensing. It buildsover
the experience of the GUS (GMES Urban Service) project, funded by ESA in the framework of GMES Service Elements
(GSE). We explore the potential of Earth Observation data for the extraction of aggregated data (maps, indicators, ...)
useful to urban planners and managers.
More speciﬁc results for land use and sealing area mapping are offered to provide a living example of the outputs of the
project and the problems as well as the achievements of current analysis algorithms.
1 INTRODUCTION
Environmental monitoring of urban areas seems to be one
of the main requests by the citizens around the world. In
Europe the Global Monitoringfor Environment and Secu-
rity initiative (GMES) recognizes this need and addresses
thistopic by means of a project aimed at producingGMES
urban services (GUS, 2004). In USA many projects are
considering urban remote sensing (e. g. UEM, 2004) as a
result of homeland security programs and/or a renewed in-
terest in environmentally aware urban planning.
Despite the number of cases where the technological and
scientiﬁc knowledge is successfully incorporatedin the ur-
banplanningdecision-makingprocesses, thereare stillgaps
to be ﬁlled, especially in terms of technology. We feel that
there ought to be an even more active dialogue between
the scientiﬁc community and decision-makers if we want
to accelerate the process of developing new tools and new
techniques to collect and monitor indicators as identiﬁed
by policy-makers. For instance, there is no unique deﬁni-
tion of urban areas that could be applied to different ﬁelds
and policy implementation. Deﬁnitions vary from country
to country (UN-HAB, 2004) and are often based on dif-
ferent parameters. Urban areas may be deﬁned by admin-
istrative boundaries, or number of inhabitants, or some-
times simply referred to as “urban centers”. Remote sens-
ing provides a good tool to deﬁne urban areas in a more
consistent way and to produce spatially georeferenced ur-
ban extents. It also allows analysis of physical and demo-
graphic/socioeconomic characteristics of the urban envi-
ronment that can be incorporated in decision-making pro-
cesses at all levels.
Some of the major areas of scientiﬁc research in urban re-
mote sensing that have a strong interaction with the policy
cycle and would improve environment and security moni-
toringin these areas include therefore:
￿ characterization of the urban environment (i.e. delin-
eation, land use classiﬁcation, differentiation of the
inner structures of cities);
￿ measuring and monitoring physical properties of ur-
ban areas (i.e. vegetation, air quality, noise, heat);
￿ impact analysis and vulnerabilityassessment (includ-
ingwatermanagement issues, contaminatedland, mon-
itoring of informal settlements), also by co-analysis
of physical and demographic/socioeconomic charac-
teristics of the urban environment;
￿ monitoringchanges and urban growthover time.
2 EU AND URBAN AREA MANAGEMENT
The goal of GMES is to increase the environmental and
security levels inside and outside Europe by integrating
Earth Observation (EO) and ancillary data. As a matter
of fact, there is a strong interest in developing services ex-
ploitingthe potentialsofremote sensingformonitoringthe
environment and managing the security internal and ex-
ternal to each country. Not only the European Commu-
nity is funding through different calls the research effort
for GMES related ﬁelds of applications (Land Cover and
Vegetation, Water Resources, Ocean and Marine Applica-
tions, Atmosphere, Risk Management, Security), but also
the European Space Agency (ESA) is currently funding
10 projects for the implementation of novel services in a
framework called GMES Service Elements (GSE). Among
the useful ﬁelds in which the GMES initiative can effec-
tivelyimprove the day-by-daymanagement ofthe environ-
ment, the management ofurban areas iscertainlyincluded.
This is the main reason why, among the above mentioned
ESA-funded services there is one devoted to this topic, the
GMES Urban Services (GUS) Consortium, lead by Indra
Espacio (ES).
For urban areas, a particularlyimportantframework where
to integrate these efforts is the Urban Thematic Strategy
(UTS), addressedbytherecent CommunicationbytheCom-
mission (COM(2004)60,“Towards a Thematic Strategy on
the Urban Environment”). The UTS discusses many of the
problems facing Europe’s towns and cities, such as meet-
ing demanding European air quality standards or urbansprawl. These are common problems throughout Europe
and the UTS recognizes that there are clear opportunities
at the European level to develop, share and facilitate the
implementation of appropriate solutions.
In this context the UTS approach is to develop a strong
framework at the European level to provide this coordi-
natedapproachandmoresystematicsupporttocities. Specif-
ically the UTS focusses on sustainable urban management
and urban transport and proposes the development of an
integrated framework for tackling the different complex
issues and to establish coherent and coordinated environ-
mental policies withintowns and cities. The approach pro-
posed is that the largest towns and cities in the EU 25 (the
500or sotownsand cities over 100,000inhabitants)are re-
quired by law to develop and implement an urban environ-
ment management planand anenvironmentalmanagement
system to ensure its implementation.
Itisclear thattheUTS generates entirelynewpolicydriven
information and intelligence needs based on the urban en-
vironmentalplanandmanagement systemproposed. These
information needs are conceptually speciﬁed in terms of a
cycle of evaluation, target setting and monitoring, based
on objective and appropriate data and indicators. The tools
and methodsessentialtodeliver thisintegratedapproach to
urban management create new demands for higher quality
informationand intelligenceas wellas fornew concepts of
informationmanagement.
As an illustration of these new information needs the fol-
lowinglistingsprovideanoverviewofrequirementsatboth
EU and local levels:
￿ EU Level information needs
￿ – MonitorandguideimplementationofUrbanThe-
matic Strategy
– Monitor Directives enforcement of EU legisla-
tion
– Regional Land Use Monitoring
– EEA “state of the urban environment” report
– European Topic Centre coordinate information
needs
– New EU level environmental indicators
– New EU sustainable urban transport indicators
￿ Local Level information needs
￿ – Report on implementation of LA21
– Harmonization of urban environmental data
– Plans based on explicit environmental targets,
actions and monitoring
– Need for land use, noise, transport, air quality
indicators
– Data and indicators to be applied according to
standards
– Develop data to indicators for reporting at na-
tional and European levels
– Maximize use of urban management tools and
models
3 GUS PRODUCTS
Asalreadyrecalled GMESUrbanServices (GUS)isaproject
from ESAs GMES Service Element (GSE) aimed to the
consolidation of a product portfolio addressed to meet the
requirements from urban areas. GUS team is currently
made of 11companies and research teams with the follow-
ing roles: Service providers (Planetek, Eurosense, Hugin,
Indra, SCOT); System Developer (Deﬁniens); Consultants
(ControlWare, UWE); Research Partners (Department of
Electronics, University of Pavia and Environmental Stud-
ies Centre-Vitoria-Gasteiz).
In headlines, GUS portfolio is made of three big compo-
nents:
￿ UTS block. Informationin support of the UTS, made
of different geoinformationlayers derived from Earth
Observation satellites combined with ancillary infor-
mation from in-situ measurements including socio-
economic data.
￿ REG block. A set of products at regional scale fo-
cused in urban areas and spatial planning.
￿ DEV block. A set of products for cities in developing
countries (collaborationwith UN-Hab).
3.1 UTS block
Among the different products addressed by GUS in the
UTS block, we would like here to focus on land use map-
ping. Reason is that this application is extremely more
challenging than land cover mapping. Of course, the two
tasks have something in common, since they are bothclas-
siﬁcation problems. However, some land use classes are
impossible to obtain from remote sensing data only, and
land use mapping always requires at least a spatial analy-
sis. As a matter of fact, the use of a land parcel may be
different even with the same cover, but may be inferred by
its neighborhood.
The problem of land use mapping in urban and periur-
ban areas has been traditionally approached in two ways.
The ﬁrst starts from a detailed land cover map obtained
by means of standard or improved classiﬁcation routines.
Then, spatial reclassiﬁcation by kernel techniques is ap-
plied to extract from land cover classiﬁcations the land use
maps. Alternatively a priori knowledge or external data
sets is considered by a human expert or a knowledge sys-
tem. The second methodology is instead based on a direct
approach, whichtriestoincorporateintotheﬁrstclassiﬁca-
tion step some kind of spatial (texture) information. Thus,
land use maps are directly extracted.
Considering the approach to land use mapping based on
extracting ﬁrst the land cover and then land use classes, an
overview of the present methodologies requires ﬁrst some
considerations on land cover mapping in urban areas, and
then on the techniques used to provide land use from land
cover maps.Block GUS Product Sensor(s) Spatial res. Temporal res. (requ.)
UTS Land Use Spot 5 1:15.000 2-4 year
Land change Spot 5 1:15.000 2-4 year
Hot-spot monitoring Spot 5/ Ikonos 1:25.000 (5.000) 6 12 months
City volume model Airborne
Modelling tool
Sealing map Spot 5 1:15.000 2-4 year
Noise observatory Spot 5 1:15.000 2-4 year
Heating efﬁciency Airborne 10 years
REG Basic Land Use Landsat/Spot 1:50.000 2 year
Regional sealing Envisat 1:50.000 2 year
DEV Basic urban mapping dev. countries Spot 5/Ikonos 1:15.000 (5.000)
Table 1: GUS current portfoliospectral, spatial and temporal speciﬁcations.
Land cover mapping in urban areas with the accuracy re-
quested nowadays by the users requires dealing with high
or very high spatial resolution satellite sensors. The cost
and the acquisition problems of these sensors at the mo-
ment allow usually to work on single date, single sensor
data sets. Therefore, co-registration problems are usually
notconsideredatthisstageandthepre-processingstepsare
devoted to remove image artifacts, distortions due to the
viewing geometry of the sensors, and atmospheric effects.
Fromthispointofview, alldata providersarequicklyadapt-
ingtothemarket, whichrequiresdata withallthese correc-
tions already. Moreover, models for the viewing geometry
ofall these sensors have been orare plannedtobe included
in the most widespread COTS software.
The classiﬁcation approach to these images aims at fully
exploiting their spatial resolution, and therefore to inte-
grate pixel-by-pixelclassiﬁcation with spatial analysis. Its
of course impossible to refer here of all the methods that
have been proposed. However, from the research view-
point, land cover classiﬁcation using satellite data have
been recentlydiscussed inthe September 2003Issue of the
IEEE Transactions on Geoscience and Remote Sensing,
devote to “Urban Remote Sensing by Satellite” (Gamba
et al., 2003) , which is therefore a good introductionto the
topic. Once land cover maps are obtained, land use can
be extracted, tough only to some extent, by means of au-
tomatic or semi-automatic ways. A ﬁnal manual reclassiﬁ-
cation is always required, at least at the moment, to reach
the accuracy required by the ﬁnal user. Kernel-based re-
classiﬁcation (Kontoes et al., 2000) is based on the evalu-
ation of the patterns of vegetation and built areas, for in-
stance, to provide informationabout residential and indus-
trial areas. Similarly, a much more complex, graph-based
approach has been proposed (Barr and Barnsley, 2000) to
discriminateamongbuildingdistrictsbuiltindifferentcen-
turies,withdifferentspatialpatternsofman-made features.
It requires the extraction of each building, the characteri-
zation of a graph connecting it to its neighborhood, and a
strategy to compare graphs to match the given residential
model.
An example of knowledge-based integration of GIS data
into the classiﬁer is found in Stefanov et al. (2001), where
ASTER data have been used to analyze a large urban area
in Arizona, and coordinated with many different layers of
information. Results are encouraging, and have been re-
cently proposed in a second paper on the same area using
LANDSAT data, which proves the robustness of the sys-
tem. Re-classiﬁcation by knowledge-based classiﬁers is
also used, since it is currently available in COTS like E-
cognitionbyDeﬁniens (Deﬁniens, 2004)and Erdas Expert
Classiﬁer by Leyca Geosystems (Erdas, 2004). They in-
corporatespectralandspatialinformationatdifferentscales
and providevery goodlandcover classiﬁcationaccuracy at
an affordable price. For land use mapping (Kressler et al.,
2001) problems arise from class deﬁnition and support the
above mentioned consideration that remote sensing data
alone are not able to provide all the information required
for accurate land use mapping.
A different approach to land use mapping tries and takes
into account directly spatial statistics, represented mainly
by texture measures, to provide a land use map, or at least
a map withclasses otherthan“buildings”,“roads”, “trees”,
“meadows” and “water”. The basic idea is thatif we incor-
porate texture measures or statistical measures as a sup-
plementary band, we may recognize the different textural
appearance of urban environments. The process is driven,
for instance, by studies that show that census data is corre-
lated with texture statistics in Landsat TM images (Chen,
2002). So, in Gong and Howarth (1990) the authors com-
bine edge-density image with the two principal compo-
nent (PC) bands to obtain a better overall accuracy with
SPOT imagery. They also observe that the edge-density
image eliminates the confusion between the rural and ur-
banlanduse thathave similarspectralcharacteristics. Sim-
ilarly, in Gonget al. (1992)the authorscompare gray level
co-occurrence matrix (GLCM), simple statistical transfor-
mations (SST) and texture statistics (TS) approaches for
SPOT imageofurbanarea. Theirresultsindicatethatsome
spatial features derived usingGLCM and theSST methods
could improve the classiﬁcation accuracies obtainedby the
use of spectral images only. On the contrary, TS method
makes limited accuracy improvements.
Despite the large number of landcover classiﬁers, theneed
of extracting information from very high resolution satel-
lite sensors in urban areas has not been fulﬁlled yet. Thus,
also land use mapping is still in the process to become a
“mature” application. At the moment the best approach re-
mains strictly connected with human intervention, mainlyin the ﬁnal stage.
We stress however that the approach currently followedby
GUS service providers, which heavily relies on manual in-
terpretation (approximately half of the total productionef-
fort), is the most suitable to obtain the accuracies required
by the users. The methods that we have highlightedare in-
deed a way to reduce the ﬁnal manual re-classiﬁcation step
and therefore the time-to-market and the cost of land use
mapping products, and this is available and used by some
of GUS service providers using COTS software.
Among the classiﬁcation approaches, it is our opinionthat
morphologicalanalysis,whichiscurrentlypursuedbymany
authors, is able to provide in the short term some kind of
improvement in this ﬁeld. Similarly, methods aimed to in-
tegrate texture measures may be useful to provide semi-
land use class, i.e. something that is not a land use map,
but more than a land cover one. These features are already
used in standard software: what lacks now is a clear def-
inition of which nomenclature is possible to extract with
textures. More far in the future is, to our knowledge, the
possibility to integrate GIS information with remote sens-
ing data, at least at the European level.
Summing up, limitationsof the present version of land use
mapping product are the limited use of spatial information
inthe images toimprove landuse mapping, the lack indef-
inition of nomenclature, the problems in integrating GIS
layers and remote sensed data, the large percentage of the
work still done manually. Research lines that should be
addressed to improve them are therefore:
￿ criteria for the selection of simple spatial feature to
improve land use mapping;
￿ realizationofsimpleproceduresforincorporatingGIS
data into classiﬁcation tools exploiting their charac-
teristics;
￿ deﬁnition of the land use nomenclature that it is pos-
sible to extract from each sensor or, on the contrary,
of the requirements of sensors for extracting a given
nomenclature.
3.2 REG block
Among the REG block a particular interest is in sealing
mapping products. This point is conﬁrmed by the realiza-
tion of a very recent symposium promoted by one of the
European Environmental Agency Technical Committees,
for the deﬁnition of what “sealing” really means or should
mean.
As a matter offact, sealed area maps are of particularvalue
in relation to increasing urbanization, increases in surface
run off and increasing concern with the unpredictabilityof
weather patterns in the context of global warming. The
map of sealed areas offers a means of addressing issues
whichare ontheforegroundonthepoliticalagenda and are
therefore matters for which positive remedies are sought
throughoutthe European context.
A ﬁrst way to provide sealing maps with different seal-
ing factor comes from an accurate characterization of the
cover classes in the urban area of interest. For instance,
after determining the built up area with precision we may
compute the percentage of coverage to provide the sealing
map. Therefore, a ﬁrst group of methods for the proposed
task is made by procedures starting from high resolution
data, typicallySPOT or IRS-1 at 5 m spatial sampling, and
classify these images withvery highprecisionwithrespect
to urban cover classes.
The largestpartofthese proceduresaddsoneormorebands
to the original data. In Shaban and Dikshit (2001), for
instance, textural features extracted from grey level co-
occurrence matrix,greyleveldifferencehistogramandsum
and difference histogram are compared and used to im-
prove the urban classiﬁcation accuracy. It was found that
the bestresultsare obtainedbycombiningspectraland tex-
tural features, without any advantage by a conventional
Principal Component Transform before the combination.
Moreover, usual separability criteria (like transformed di-
vergence) are not useful to select the best combination. A
similar approach is proposed in Chen et al. (1997), where
a fractal measure is used to improve the classiﬁcation. The
paper shows that the use of this information improves the
accuracy valuesforheterogeneous classes, slightlydegrad-
ing homogeneous areas, e.g. water.
A different approach is presented in Zhang (1999), where
the texturalmeasures are usedtoﬁlter outtheclassiﬁcation
results to improve the accuracy of the builtup classes. The
homogeneity of the class map is computed in a
3
￿
3 win-
dow and in the four diagonal directions, and then ﬁltered
to discard uninteresting areas and improve by some sort
of majority voting the initial guess based only on spectral
characteristics.
The complementary approach to those in previous para-
graphs is to compute informationabout the sealing density
by means of a more direct approach. To this aim, we may
deﬁne two major methodologies. The ﬁrst one, exempli-
ﬁed inKarathanassi et al. (2000),refers tothe use of textu-
ral features to directly decompose the urban environment
into areas with different urban density. In this work the
classes are deﬁned by setting up thresholds in built up to
overall area ratios (
<
0
:
3, low density, 0.3 to 0.7 medium
density,
>
0
:
7 high density). It is found that signiﬁcantly
larger window size than in [1] should be used, because we
are not looking for buildings, but for blocks. Instead of
3
￿
3 co-occurrence measures,
1
1
￿
1
1 or wider windows
are used. Large improvements were obtained with respect
to spectral features alone.
Finally, the so-called Vegetation - Impervioussurface Soil
(VIS) model may be used to discriminate among different
degree of impervious surface. This is done for instance in
Phinnet al. (2002),where samples fromthesethree classes
are extracted usinga ﬁrst simple classiﬁer, and then a man-
ual analysis of the model allows ﬁnding end members for
a reﬁned segmentation. The paper shows that this method
enables distinctive densities of commercial, industrial andresidentialzones tobe clearly deﬁned, mainly based on the
relative amount of vegetation cover.
Presently the sealed area in urban areas can be mapped to
a sufﬁcient degree of accuracy by using textural features
in conjunction with spectral information. It is still to be
investigatedwhat thecritical issues are when thisapproach
is applied on a large scale project, on more than one or
few test sites. Moreover, automatic choice of the optimal
window size for the measures as well as of the measure
set need to be related to the scale of the “objects” we are
looking for in the urban environment. These may be the
lines for future research on this matter. In the meantime,
current methods combining spectral and textural features
may be sufﬁcient, or even only spectral features like those
that allow to calculate the NDVI, on which the method by
the GUS service provider is based, followed by correction
by a remote sensing expert.
In conclusion, main limitations of the current algorithms
for sealing mapping are that the estimation of the sealing
degree based on very few sensed quantities, where textural
information is not considered, while, where textural infor-
mation is considered, there is actually a lack of extensive
testing. Research lines that should be addressed to solve
these problems are therefore:
￿ automatic deﬁnition of the window size where textu-
ral features are used;
￿ extensivetestingoftechniquescombiningspectraland
textural features over a number of different sites with
different characteristics.
4 RESULTS AND MAPS
As an example of the above mentioned products, we offer
in this section the results of a recently developed method-
ology for the extraction of urban area information from
medium resolution SAR satellite data. We focus in par-
ticular on RADARSAT data, as a suitable mean to under-
stand to which extent this mapping approach may be use-
ful with the ﬁnest spatial data now available. This, in turn,
may be a ﬁrst guess of what we may expect from ﬁner res-
olution, Low Earth Orbit satellites, like Cosmo/Skymed,
TerraSAR.x And SARLupe, as well as RADARSAT-2.
It has been shown in Dell’Acqua and Gamba (2003) that
interesting results on urban land use discrimination may
be obtained by using a combination of co-occurrence tex-
ture measures. In particular, this procedure exploits the
spatial dispositionof the man-made features, which have a
peculiar response in radar images. Co-occurrence features
highlight the spatial patterns of backscatterers. A super-
vised clustering of these features reveals where buildings
and other man-made objects gather in a are way. So, res-
idential areas with isolated scattering elements are quite
different from town centers with many crowded backscat-
terers or even ﬁnancial areas. The methodology proposed
for exploiting these information consists of three subse-
quent steps: ﬁrst, compute the co-occurrence matrix and
extract textural features, applying a priori knowledge, if
any, on the optimal scale or the best range of scales; sec-
ond, determine which feature set is the most useful to dis-
criminate the classes in the training set; third, classify the
chosen feature set using the same training areas as seeds
for a supervised clustering procedure. Classiﬁcation maps
for two RADARSAT-1 images of the area of Pavia, North-
ern Italy, are shown in ﬁg.1, and show the dependence of
the class accuracy to the incidence (beam) angle. It is in-
deed interesting to observe that the accuracy of the map
increases with more nadir-looking views, but this is due
mainlytothe “water” and“sparse buildings”classes, while
the behavior of the areas where many strong scatterers are
present is less various.
5 CONCLUSIONS AND PERSPECTIVES
This work presented some of the recent efforts for the ex-
ploitation of EO data for the realization of GMES urban
service products. We highlighted for a couple of products
which are the methodologies available in technical litera-
ture and which are their weaknesses. Moreover, we intro-
duced an approach suitable for exploiting data from SAR
sensors, usually neglected in urban remote sensing appli-
cations.
The interest to urban products from EO data is increasing,
in parallel with the availability of more reﬁned algorithms
for data interpretation. Moreover, the requirements by EU
and especially theUTS are drivingthe need forthese infor-
mation, especially as aggregated indicators of urban qual-
ity and environmental characteristics. More work is there-
fore needed tointegrate new data sources as wellas tocon-
nect moretightlytheusers withtheproducersviaa suitable
application-orientedresearch and development effort.
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